A global trend of woody plant encroachment of terrestrial grasslands is co-incident with woody plant encroachment of wetland in freshwater and saline intertidal settings. There are several arguments for considering tree encroachment of wetlands in the context of woody shrub encroachment of grassland biomes. In both cases, delimitation of woody shrubs at regional scales is set by temperature thresholds for poleward extent, and by aridity within temperature limits. Latitudinal expansion has been observed for terrestrial woody shrubs and mangroves, following recent warming, but most expansion and thickening has been due to the occupation of previously water-limited grassland/saltmarsh environments. Increases in atmospheric CO2, may facilitate the recruitment of trees in terrestrial and wetland settings. Improved water relations, a mechanism that would predict higher soil moisture in grasslands and saltmarshes, and also an enhanced capacity to survive arid conditions, reinforces local mechanisms of change. The expansion of woody shrubs and mangroves provides a negative feedback on elevated atmospheric CO2 by increasing carbon sequestration in grassland and saltmarsh, and is a significant carbon sink globally. These broad-scale vegetation shifts may represent a new stable state, reinforced by positive feedbacks between global change drivers and endogenic mechanisms of persistence in the landscape. In both cases, delimitation of woody shrubs at regional scales is set by temperature thresholds for poleward extent, and by aridity within temperature limits. Latitudinal expansion has been observed for terrestrial woody shrubs and mangroves, following recent warming, but most expansion and thickening has been due to the occupation of previously water-limited grassland/saltmarsh environments. Altered fire regime cannot be invoked as a driver of change in most wetland settings. Increases in atmospheric CO 2 , may facilitate recruitment of trees in terrestrial and wetland settings. Improved water relations, a mechanism that would predict higher soil moisture in grasslands and saltmarshes, and also an enhanced capacity to survive arid conditions, reinforces local mechanisms of change, such as sea-level rise in the case of saltmarsh. The expansion of woody shrubs and mangroves provides a negative feedback on elevated atmospheric CO 2 by increasing carbon sequestration in grassland and saltmarsh, and is a significant carbon sink globally. These broad-scale vegetation shifts represent a new stable state, reinforced by positive feedbacks between global change drivers and endogenic mechanisms of persistence in the landscape.
INTRODUCTION
A recent trend towards semi-arid and mesic grassland conversion to shrub dominance is global in scale and common to all vegetated continents (Fig 1) . Woody shrub encroachment and thickening has converted grassland to woodland in the savannahs and prairies of North America (Bai et al., 2009 , Van Auken, 2009 ), South America (Silva et al., 2001) , semi-arid and tropical Australia (Brook & Bowman, 2006 , Fensham et al., 2005 , Africa (Sankaran et al., 2008) , Europe (Maestre et al., 2009) , India (Misra, 1983) and China (Peng et al., 2013) , where over 5 million hectares of the inner Mongolian grassland has been encroached by Caragana microphylla (Zhang et al., 2006) . In cold climates, alpine grasslands have been encroached by shrubs in the high Andes in South America (Matson & Bart, 2013) , and the Iberian Peninsula and Pyrenees in Europe (Montané et al., 2010) , while Tape et al. (2006) make a case for pan-arctic shrub expansion into tundra on the basis of aerial photography dating to the 1940's. Shrub thickets are expanding into grass dominated swales on Atlantic US coast barrier islands (Young et al., 2007) .
Shrub encroachment of arid and semi-arid grasslands in the United States has been estimated to affect 220-330 million ha (Houghton et al., 1999 , Pacala et al., 2001 . In North America alone Knapp et al. (2008) describe a shift in graminoid to shrub dominance across eight sites spanning 5550 km, and climatic gradients extending from 200-1100 mm mean annual precipitation and -12.5-22.0°C mean annual temperature. For example, observations stretching back to 1858 in the latter case confirm a steady conversion of the prairie grass Black grama (Bouteloua eriopoda) to shrub dominance in the Jornada Basin in New Mexico (Gibbens et al., 2005) .
Grasses covered 98% of the Jornada Experimental Range in 1858, and less than 1% by the turn of the millennium. These changes were well advanced by 1928, and shrub eradication measures, including clearance and grazing regulation, have at best slowed the advance.
There are several published accounts of woody vegetation expansion into freshwater wetlands dominated by reeds and/or grasses. Wet Sphagnum-sedge fens have suffered an accelerating rate of loss to woody encroachment since the 1950's in locations as diverse as the Alaskan Kenai Peninsula (Berg et al., 2009) ; small Appalachian mountain peatlands (Stine et al., 2011 , Warren et al., 2007 , and the Biebrza and Narew river valleys of Poland (Kotowski & Piórkowski, 2005) . Trees had previously been excluded from the Alaskan fens for 18000 years (Berg et al., 2009) . Wetland grasslands dominated by the C4 graminoid Pseudoraphis spinescens have been progressively replaced by river red gum Eucalyptus camaldulensis in Australia's largest inland forested wetland, the Barmah-Millewa forest (Bren, 1992 , Colloff et al., 2014 , and by Melaleuca quinquenervia on large coastal floodplains within SE Australia (Johnston et al., 2003) over a period of at least 70 years. Sawgrass (Cladium jamaicense) has been extensively colonised by red maple (Acer rubrum) in Florida (Duever, 2005 , Knickerbocker et al., 2009 ) since the 1940's. It is difficult to ascertain whether these are representative of broader trends across wetlands globally.
Contemporaneous with the expansion and thickening of woody shrubs in grassland biomes across the globe has been the expansion of mangrove into saltmarsh environments. Mangroves are woody trees and shrubs that occur exclusively in the marine environment, distributed by tides and colonising intertidal soft-sediment environments, primarily in tropical and subtropical latitudes. Along many of the world's coastlines, mangroves co-occur with saltmarshes, a floristically diverse group of low-stature plants tolerant of saline, periodically saturated conditions, though not exclusively intertidal in distribution. Interactions between mangroves and saltmarshes have been the subject of growing interest; with widespread reports of transitions in boundaries corresponding to regional and global environmental change . On the US Gulf coast, mangrove advance into saltmarsh has been periodically arrested by frost in SE Louisiana (Giri et al., 2011) , but further south in Texas and Florida stratigraphic and photographic evidence suggests a consistent expansion and thickening of mangrove over the past century (Bianchi et al., 2013 , Smith III et al., 2013 . Indeed, mangrove area in Florida has doubled at the northern end of their distribution since 1984 (Cavanaugh et al., 2014) . Similar expansion has been observed on the Pacific coast of Mexico (López-Medellín et al., 2011) and Peru . (Bailey, 1989) . Pink points denote locations of cited shrub encroachment into grassland; citations are included in the table below.
Changes in the distribution of mangrove and saltmarshes on the Australian mainland further illustrate this trend. Mangrove encroachment of saltmarsh is near-ubiquitous in the estuaries of SE Australia, occurring within estuaries along 4000 km of coastline from central Queensland to South Australia, encompassing the range of geomorphic and climatic settings within which the two communities co-exist (Saintilan & Williams, 1999) . Historical documents, including paintings, maps and plans of early Sydney suggest that the expansion of mangrove into saltmarsh environments may have commenced in the 19th Century (McLoughlin, 1987 , McLoughlin, 2000 when saltmarsh dominated now mangrove-fringed shorelines. Mangroves are also encroaching saline and freshwater wetlands in the tropical north, prompting Williamson et al. (2011) to propose that mangrove encroachment of saltmarsh might be analogous to shrub encroachment of savannahs in the same region.
Interactions between woody vegetation and grasslands in terrestrial and wetland contexts have hitherto been considered in discrete bodies of literature reflecting the disciplinary boundaries of terrestrial, freshwater and marine ecology, with only two studies (D'Odorico et al., 2012 , Williamson et al., 2011 drawing comparisons across the wetland-terrestrial divide. This might not be surprising given the obvious differences in the growth habits of the species and the characteristics of the environments being considered, and that a strong prima facie case might be made for fire and hydrology as drivers of change in these contrasting settings. However, there are several compelling similarities between the woody shrub encroachment in common across these settings. For the most part, saltmarshes and floodplain wetlands are grasslands, and one of the few instances where C4 grasses extend into higher latitudes (Collatz et al., 1998) . Many of the dominant saltmarsh and floodplain wetland species across the globe are members of the family Poaceae (including species of saltmarsh genera Spartina, Distichlis, Pragmites, Puccinellia, and Sporobolus, and in freshwater wetlands; Pseudoraphis and Paspalum). Though coastal wetlands are regularly inundated by tidal water, physiological water stress is imposed by the presence of salt, carried on tidal waters and concentrated through evaporation between inundation and rainfall events. Shrubs growing in saltmarsh environments therefore share many traits associated with plants in semi-arid climates, including succulence (Chenopodiaceae) and tightly regulated transpiration promoting high water use efficiency in mangroves (Ball, 1996 , and stunted growth. On floodplain wetlands, hydrological drawdown can induce sharp competition over water between grasses and tree seedlings (Bren, 1992) .
This review poses the question of whether tree expansion in freshwater and intertidal wetlands is best understood in the context of woody encroachment of grasslands observed to have occurred over the same period across nearly every other important grassland biome. If so, the case of wetlands may provide some important insights into global drivers of grassland loss, in that many of the putative drivers of change in coastal wetlands cannot apply to terrestrial grasslands and vice versa. For example, much of the debate over the drivers of tree encroachment in terrestrial grassland has focussed on the role of fire (Higgins et al., 2007 , Wakeling et al., 2012 , and yet fire is absent from many wetland types subject to tree encroachment considered in this review. Our thesis is that global drivers (elevated CO 2 and temperature) work by modulating the response of woody plants to local drivers (such as fire and hydrology). Furthermore, similar feedbacks between encroachment, persistence and CO 2 sequestration may apply across the spectrum of terrestrial and wetland settings. Kaufman et al. (2009) document a cooling trend over two millennia in the arctic abruptly terminated at the time of the industrial revolution. This cooling was most probably associated with decreases in summer insolation that commenced following the Holocene thermal maximum some 7500 years ago. Over the latter Holocene, the tree line retreated and herbaceous tundra expanded in Eurasia (Fisher et al., 1995 , Seppä & Birks, 2002 . This sequence provides the backdrop against which historical observations should be interpreted and it is reasonable to suppose that woody shrub encroachment in sub-polar regions following 1850 is related to climatic warming. Supporting evidence is found in the increase in radial and vertical growth of woody plants since 1860, and accelerating since 1970 coinciding with acceleration of warming in the region (Hallinger et al., 2010 ).
TREE RANGE EXPANSION AND TEMPERATURE
The arctic is not the only region where temperature controls on shrub expansion may be important. D'Odorico et al. (2012) note that most of the shrubs encroaching on arid grasslands are limited by low temperatures. For example, cold sensitivity has been reported for Prosopis glandulosa in south-west Texas and New Mexico (Felker et al., 1982) , Acacia mellifera encroaching savannah in southern Africa (Sekhwela & Yates, 2007) and Larrea tridentata in the Sonoran Desert, the northern limit of which corresponds to the -18 0 C winter isotherm, the temperature at which freezing-induced cavitation and mortality occurs (Pockman & Sperry, 1996 , Pockman & Sperry, 2000 . Holocene climate variability over the region has influenced the relative extent of grassland and shrubland, with shrubs expanding during the Medieval Warm Period (Bradley et al., 2003) , then contracting during the "Little Ice Age" (Neilson, 1986) . The late 19th century would represent a minimum northern extent for the Holocene for terrestrial shrubs and mangroves, and some expansion may be due to range extension within new thermal limits.
Mangrove range expansion provides an interesting illustration of this trend. The tropical mangrove family Rhizophoraceae dominated the mangrove flora of the Richmond River, northern New South Wales, Australia, during the Holocene thermal maximum (Hashimoto et al., 2006) . At the time of the first historical surveys following European colonisation the species was rare in the region (West et al., 1985) , though has shown strong population growth and southward expansion over the past half-century (Wilson, 2009 ), corresponding to changing temperature clines (Hennessy et al., 2004) , and appears to be well within thermal limits on the basis of leaf phenology (Wilson & Saintilan, 2012) . This observation concords with a noted global conservatism in mangrove range expansion in relation to temperature thresholds (Quisthoudt et al., 2012) suggesting dispersal constraints limit latitudinal range extension, particularly on wave-dominated coastlines.
The mangrove genus Avicennia is able to withstand mild frosts and extends to higher latitudes than Rhizophora. A. marina contracted in latitudinal range during cooling that followed the mid-Holocene thermal maxima in New Zealand (Mildenhall, 1994) and, in spite of strong population growth over the past four decades has not reclaimed former latitudes due probably to dispersal constraints (de Lange & De Lange, 1994) .
Geomorphic controls on dispersal are less of an issue on low-wave energy open coastlines, such as the US Gulf coast. Here, A. germinans is periodically subjected to intense freezing-induced mortality. The last major event occurred more than 25 years ago, and A. germinans populations have shown strong recovery since, expanding into and replacing Spartina-dominated saltmarsh (Giri et al., 2011) , particularly at poleward limits (Cavanaugh et al. 2014) . Thermal modelling based on IPCC projections suggests that in a medium-high gas emissions scenario (A2) with 2°C-4°C increase in mean annual minimum temperature, nearly 10 000 km 2 of the herbaceous saltmarsh of the Gulf coast will be vulnerable to mangrove encroachment (Osland et al., 2013) .
This represents, as a percentage of the state total for saltmarsh, 95% for Louisiana, 100% for Texas, and 60%
for Florida. Avicennia spp. expansion into herbaceaous saltmarsh at poleward limits has also been observed in Australia, South Africa and South America .
CO 2 AND TREE ESCAPE FROM DISTURBANCE
While temperature is an important control of shrub/mangrove distribution at latitudinal and altitudinal limits, most expansion and thickening occurs well within the thermal limits of the species involved. Regional and subcontinental studies of shrub encroachment into grassland stress the importance of aridity gradients in determining shrub cover. For example, phases of woody shrub proliferation and contraction in semi-arid Australia correspond to phases of wet and dry respectively (Fensham et al., 2005) . Similarly, woody cover in the African savannah is strongly associated with Mean Annual Precipitation to a threshold of 650 mm per year, above which other factors appear to influence thickening (Sankaran et al., 2008) , and alternate states of tree cover may correspond to fire frequency (Staver et al., 2011) . Frequent fire may induce a recruitment bottleneck, preventing saplings from "escaping" to a height immune from fire mortality (Kgope et al., 2010) .
Fire suppression, often a consequence of grazing (and reduced fuel loads), is often cited as a driver of tree encroachment and thickening in savannahs (Scholes & Archer, 1997 , Van Auken, 2000 .
Experimental studies have suggested that elevated CO 2 may assist saplings in escaping the fire trap by increasing growth rate to a height above the fire threat (Kgope et al., 2010) . Under elevated CO 2 , most notably between sub-ambient and ambient concentrations, saplings accumulate greater below-ground carbon stores, which, facilitated by post-fire nutrient release; stimulates faster re-sprouting; and increases the likelihood that the sapling will recruit to fire resistant height (Kgope et al., 2010) . Fire regimes that excluded trees from grasslands a century ago may no longer do so (Wigley et al., 2010) . Models of the relationship between CO 2 concentration, sapling growth to "escape height" and fire frequency are consistent with paleo records in South
Africa documenting a commencement of woody encroachment following the last glacial maximum and acceleration over the historical period (Bond et al., 2003) . It is also consistent with lower recruitment in cooler, upland settings (Wakeling et al., 2012) .
The "escape height" model (Bond & Midgley, 2000 , Wakeling et al., 2012 developed explains the interaction between altered fire regime, CO 2 fertilisation and tree recruitment for terrestrial grasslands can be adapted for freshwater wetlands (Fig 2b) . In the absence of fire, flood return period is an analogous disturbance. E. Studies across three continents have shown woody shrub encroachment in areas subject to a range of disturbance regimes from heavy fire and grazing to ungrazed and rarely burnt (Fensham et al., 2005 , Hastings & Turner, 1965 , Lenzi-Grillini et al., 1996 , Silva et al., 2001 , Wigley et al., 2010 . Woody encroachment in semiarid Australian savannah showed no relationship with fire, or the interaction of fire and grazing, over large spatial and temporal scales (Fensham et al., 2005) . Woody encroachment of tallgrass prairie has been noted to occur where fire intensities have increased (Briggs et al., 2005 , Knapp et al., 1998 . Shrub removal programs on the whole fail to stem the progression of shrub encroachment (D'Odorico et al., 2012 , Rango et al., 2005 , even when combined with changes in land-use aimed at ameliorating these threats (Gibbens et al., 1992) . Though fire is important on a local scale in many settings, the more pervasive effect of global drivers seem to override these effects at broader spatial and temporal scales.
CO 2 , ARIDITY AND DROUGHT TOLERANCE
Soil water has also been identified as a limiting factor regulating shrub encroachment mesic grasslands.
Although precipitation is sufficient to allow the development of a closed forest, grassland water use in the upper soil imposes water limitation on seedling establishment (Scholes & Archer, 1997) . A similar mechanism has been invoked to explain the dieback of E. camaldulensis seedlings in competition with
Pseudoraphis spinescens wet grassland during hydrological drawdown (Bren, 1992) . However, with an increase in the ambient to intracellular CO 2 diffusion gradient comes a greater uptake of CO 2 with a minimal reduction in stomatal conductance (Polley et al., 1997) . Photosynthesis can thereby be maintained with lower water loss, and this mechanism has been proposed as a driver of shrub encroachment into grassland along aridity gradients (Idso, 1992) .
Elevated CO 2 reduces leaf conductance of rangeland shrubs and Spartina saltmarshes (Mateos-Naranjo et al., 2010a , Mateos-Naranjo et al., 2010b , Rozema et al., 1991 , though this is offset to some extent by a negative feedback between transpiration rate, leaf temperature and ambient humidity . None-the less, evapotranspiration may be reduced by up to 20% in savannah ecosystems (Nelson et al., 2004 , Polley et al., 2011 and saltmarsh sedgelands (Li et al., 2010) .
That decreased evapotranspiration is occurring over broad regional scales is supported by evidence of increased soil moisture (Carol Adair et al., 2011 , Hungate et al., 2002 and run-off (Labat et al., 2004) in areas where woody thickening is occurring (Eamus & Palmer, 2008) . These improved soil moisture conditions may improve percolation to the lower rooting zone of rangeland shrubs, and allow survival of seedlings in mesic settings in competition with shallow-rooting grasses. Elevated CO 2 tends to facilitate higher growth rate and a higher proportional allocation of plant mass to roots (Nie et al., 2013) , providing for an increased rate of root growth to critical depths for drought resistance, or the maintenance of the high root:shoot ratios required of mangroves in saline and hypersaline environments (Saintilan, 1997) .
The "escape height" model describing CO 2 effects on fire resistance therefore finds a parallel in "escape depth" to drought resistance (Fig 3c) .
Improved mangrove seedling survival may also be promoted, especially following the depletion of cotyledon reserves (Farnsworth et al., 1996) when elevated CO 2 has been shown to improve growth of Avicennia germinans (McKee & Rooth, 2008) . The proportion of mangrove and saltmarsh can be predicted in northern Australia on the basis of rainfall (Bucher & Saenger, 1991) , and field studies of seedling establishment suggest that mangroves are delimited by desiccation in the saltmarsh (Clarke & Myerscough, 1993) . Mangrove encroachment of saltmarsh has been associated with higher water levels in Florida (Krauss et al., 2011 , Smith III et al., 2013 , eastern Australia (Rogers et al., 2006) , Mexico (López-Medellín et al., 2011) , and tropical Australia (Williamson et al., 2011) . Phases of higher rainfall and sea-level are often coincident, associated with inter-annual and inter-decadal phases of atmosphere-oceanic cycles such as the El Nino Southern Oscillation and the Inter-decadal Pacific Oscillation (Zhang & Church, 2012) . These phases often correspond to phases in vegetation transition (Kim et al., 2010 . However, while some die-back of shrubs during drought has been noted (Fensham et al., 2005 , Sankaran et al., 2008 , more commonly shrubs are retained and provide a platform for a successive phase of colonisation. This directional trend requires a press driver, and gives credence to the global effect of elevated CO 2 in sustaining the effect of drivers operating in pulses, such as rainfall and sea-level.
FEEDBACKS BETWEEN SHRUB ENCROACHMENT, LOCAL PERSISTENCE AND CO 2 SEQUESTRATION
While exogenic factors operating at regional and global scales provide opportunities for woody shrub recruitment, several endogenic feedback mechanisms may promote persistence and further thickening (D'Odorico et al., 2012) in an alternative stable state. For example, the shrub architecture promotes the concentration of rainfall to the base of the stem, and improved infiltration and soil moisture near the base of trees (Eldridge & Freudenberger, 2005) , conferring a competitive advantage over surrounding grasses. Soil nitrogen and carbon is enhanced in most settings by the presence of shrubs (Eldridge et al., 2011 , Maestre et al., 2009 , providing opportunities for clonal expansion (Ratajczak et al., 2011) . In cold-limiting environments, woody encroachment provides an insulating microclimate in both savannah and saltmarsh (D'Odorico et al., 2012) , increasing winter nocturnal temperatures. The competitive replacement of grasslands reduces fuel loads, which improves recruitment of adult bushes (D'Odorico et al., 2006) . Exogenic drivers interact with these feedbacks: CO 2 reducing evapo-transpiration and further enhancing soil moisture; warmer winters leading to greater snow coverage further insulating soils (Sturm et al., 2005) .
The triggering of endogenic feedback mechanisms by exogenic global change drivers may lead to more persistent ecosystem states in the long-term. For example, elevated CO 2 may help intertidal wetland plants respond to the pressure of sea-level rise by facilitating the production of below-ground biomass, and through this, the building of marsh surface elevation. Experimental manipulation of CO 2 in a mixed Schoenoplectus americanus (C3 sedge) and Spartina alterniflora (C4 grass) saltmarsh field site demonstrated increased growth of S. americanus, in elevated ambient CO 2 with this species dominating surface elevation gain , Langley et al., 2009 . Experimental studies on CO 2 and N effects on root mass suggest similar responses might be expected in mangroves. Avicennia germinans root mass increases under elevated CO 2 , and this effect was enhanced under enhanced levels of N (McKee & Rooth, 2008) . However, these responses may be mediated by environmental conditions including inter-specific competition (McKee & Rooth, 2008) and salinity (Ball et al., 1997) .
The higher rate of soil carbon accumulation in mangrove, and improved sediment trapping observed in US and
Australian comparisons of sympatric mangrove and saltmarsh (Comeaux et al., 2012 , Lovelock et al., 2011 , suggest that mangrove encroachment of saltmarsh may promote elevation-building and long-term persistence at higher rates of sea-level rise. Relatively higher mangrove soil strength might also improve marsh resistance to wave attack (Comeaux et al., 2012) . Increased drought resistance may also be conferred in the transition from saltmarsh to mangrove. In a comparison of water use efficiency of the invasive mangrove Avicennia germinans and the dominant Gulf Coast saltmarsh, Spartina alterniflora, Krauss et al. (2014) demonstrated a 53-65% greater transpiration from Spartina, concluding that mangrove encroachment would conserve water in the substrate, helping to explain the persistence of mangrove in areas of saltmarsh dieback in a recent Gulf Coast drought (McKee et al., 2004) .
Additional carbon sequestration resulting from the conversion of grassland and saltmarsh to shrub-dominance represents a potentially significant negative feedback on increasing atmospheric CO 2 . Eldridge et al. (2011) reviewed 51 studies reporting on soil carbon in the upper 15cm of shrub and grassland communities, and found a highly significant increase in soil carbon with shrub encroachment, one of the most consistent ecosystem effects of shrub encroachment measured. The net sequestration benefit of mangrove encroachment on saltmarsh has seen less attention though potentially represents an important carbon sink.
The progressive removal of cold-temperature limitations on mangrove northern expansion in the Gulf of Mexico exposes over a million hectares of saltmarsh to mangrove encroachment over the coming century (Bianchi et al., 2013) . While posing many challenges to ecosystem services provided uniquely by saltmarsh (Osland et al., 2013 , mangrove expansion may facilitate feedbacks promoting the long-term resilience of wetlands to climate change and their enhanced mitigation of radiative forcing. Bianchi et al. (2013) estimated that conversion of the coastal marshes of the Gulf of Mexico to mangrove dominance would represent a net increase in carbon sequestration of 1.29 ± 0.32 Tg C yr -1 (Bianchi et al., 2013) .
CONCLUSIONS AND FURTHER RESEARCH
The breadth of grassland settings subject to tree encroachment, from intertidal and freshwater wetland through semi-arid savannah, and the range of disturbance regimes associated with these, strongly implicates common global drivers. Recent poleward expansion has been observed in both terrestrial and intertidal settings in relation to warmer minimum temperatures. However, most woody shrub/mangrove encroachment and thickening occurs well within species thermal limits, and in these situations elevated CO 2 may act in concert with local drivers to facilitate woody encroachment (Higgins & Scheiter, 2012) . The "escape height" model is a good illustration of this: that elevated CO 2 promotes higher growth rate and greater likelihood of escape (sapling recruitment) between successive fires. Fire is absent from most wetland systems, but the "escape height" model works equally well in explaining woody recruitment into wetland grasslands between successive floods.
In other situations CO 2 may facilitate woody sapling persistence by conferring greater drought tolerance. A 5-year experiment on the Colorado shortgrass steppe (Morgan et al., 2007) in which CO 2 was doubled with respect to controls, led to an approximately 40-fold increase in aboveground biomass and a 20-fold increase in plant cover of the shrub Artemisia frigida, common to North American and Asian grasslands. For a variety of reasons tree species may be prevented from recruiting into grasslands by periodic drought, either because of competition for water by grasses (in both rangelands and wetlands) or by the combination of periodic aridity and high salinity ("physiologically dry" in the case of saltmarshes). A shift to tree dominance may occur when droughts are no longer sufficient to induce mortality. This may occur because of local hydrological changes (more consistent base flows in regulated rivers, higher eustatic sea-levels), but will be aided by the effects of elevated CO 2 on drought resistance, including the potentially higher water availability resulting of lower transpiration losses, or an improved rate of root growth to access more dependable groundwater at depth (Fig. 3c ).
There are, however, important information gaps and new hypotheses to be tested. We do not have global, consistent estimates of rates of grassland and wetland loss to woody encroachment. Few CO 2 enrichment studies have been of sufficient duration to properly consider CO 2 acclimation effects on photosynthesis and carbon partitioning (Smith & Dukes, 2013) . Most experiments to date have tested the response of shrubs (mangrove and terrestrial shrubs) to anticipated levels of CO 2 (e.g. ~700 ppm) rather than sub-ambient concentrations relevant to a consideration of historical responses (though see Kgope et al., 2010 , Polley et al., 1997 . Research on the response of mangroves to elevated and sub-ambient CO 2 is limited to a handful of laboratory studies. These are important questions in the context of adaptation and mitigation measures globally. The shift in vegetation dominance from grassland to shrub with the onset of elevated atmospheric CO 2 is consistent with a trend to higher carbon sequestration potential, a negative feedback that may have regulate atmospheric CO 2 concentrations in periods of less rapid increase than at present. The shift from grassland/saltmarsh to shrub/mangrove dominance also has implications for vegetation persistence in altered climatic and hydrological conditions associated with climate change. following nutrient and CO2 fertilisation, and previous (dashed line).
